The reliability of a computerized analysis system (CAS) for determining muscle burst onset was compared with the subjective assessments of three trained examiners. A sample of 154 randomly selected, full-wave rectified and filtered electromyographic recordings was evaluated using a test-retest paradigm. Percentages of agreement, Pearson product-moment correlations, analyses of variance (ANOVAs), and intraclass correlation coefficients (ICCs) were used to measure the reliability. The between-rater agreement, which included the computerized EMG assessments, was only 23%. Within-rater agreement and Pearson correlation coefficients were perfect for CAS. The trained examiners' within-rater assessments averaged only 51% agreement, but test-retest correlations were high (r = .78 -r = .82). All ICCs were statistically significant, ranged from .46 to .60, and tended to be higher when the CAS onset determinations were deleted from the analysis. The ANOVAs revealed that trained examiners were more consistent among each other than when their assessments were compared with CAS assessments of EMG recordings. This finding, however, may be facilityspecific in that any generalization to other examiners was limited. In contrast to trained examiners, the CAS was free of variations in judgment, ensured perfect reproducibility of trial assessments, and was highly useful for analyzing multichannel EMG recordings. Although the CAS ensures perfect reliability, validity determinations require visual inspection of trial data. In contrast to amplitude measurement, the temporal sequence of activation requires a determination of muscle burst onset. Identifying the onset of muscle activity often is accomplished visually using subjective criteria. For example, previous studies involving postural control 8,9 or muscle recruitment patterns during precision motor tasks 10 relied on the investigator to make "best guess" judgments to determine when muscle discharge begins.
In contrast to amplitude measurement, the temporal sequence of activation requires a determination of muscle burst onset. Identifying the onset of muscle activity often is accomplished visually using subjective criteria. For example, previous studies involving postural control 8, 9 or muscle recruitment patterns during precision motor tasks 10 relied on the investigator to make "best guess" judgments to determine when muscle discharge begins.
In the past, reliability studies have focused on the reproducibility of EMG amplitude at selected levels of isometric tension [11] [12] [13] [14] or with constant-velocity isotonic contractions. 14 The reliability of measuring muscle burst onset to determine the temporal characteristics underlying motor behavior has not been reported. The extent is unknown, therefore, to which onset measurement error should be considered with other factors known to influence EMG reproducibility (eg, poor electrode placement; fatigue; variations in the type, magnitude, and velocity of muscle contraction 15 ). A computerized approach to EMG analysis has been reported in animal studies for analyzing central nervous system unit activity associated with peripheral muscle discharge. 16 This approach differed from traditional subjective evaluations of EMG recordings and involved digitizing EMG data, storing the digitized values in "bins" of a given length of time, and analyzing the bins for significant departures from baseline activity. This method was modified later to be more useful for assessing functional motor patterns in animals 17 and in humans. 18 The reliability for detecting muscle burst onset, however, was not established empirically. The purposes of this study were 1) to investigate the reliability of a computerized surface EMG analysis system for determining the onset of muscle discharge and 2) to compare the computerized onset assessment with the scores of three trained examiners.
METHOD

Sample
One hundred fifty-four EMG tracings were selected randomly from a group of 760 recordings obtained in a previous study of 5 healthy subjects (2 men, 3 women) and 4 patients with hemiplegia (3 men, 1 woman). 18 The ages of the subjects ranged from 42 to 71 years with an average age of 53 years.
Surface EMG recordings had been made bilaterally from four lower extremity muscles (gastrocnemius, medial hamstring, tibialis anterior, and vastus lateralis) in response to unexpected balance perturbations. These perturbations were A linear precision potentiometer attached to the platform was used to monitor the onset and time course of the swayinducing stimulus. Muscle discharge patterns were recorded simultaneously using an electromyograph* with physiological amplifiers and a common mode rejection rate of 100 dB at 45 Hz. Raw EMG data were monitored on an oscilloscope to verify the quality of recordings. The EMG signals were fullwave rectified, band-pass limited from 10 Hz to 3 kHz and filtered with a time constant of 0.02 seconds. Analog muscle recordings were digitized and sampled at 1-msec intervals.
The computerized assessment system (CAS) for determining muscle burst onsets consisted of an IBM-PC † computer interfaced with a Techma ‡ analog-to-digital converter. Individual trials were screened using a computerized algorithm to detect burst onsets (Tab. 1). A 50-msec period before the onset of platform displacement was used as a baseline reference. After the perturbation was in progress, a muscle was determined to be "on" when 25 consecutive samples exceeded three standard deviations of the mean baseline activity. The first of the 25 samples then was used to calculate the actual onset latency. If fewer than 25 consecutive samples had voltages above the three-standard deviation threshold, the 50-msec mean baseline reference was recalculated by removing the sample in the first position of the array and adding the sample in position 51 of the array. In this manner, the baseline reference bin always contained 50 samples as each sample was evaluated in the array. Conceptually, a sliding window was created that searched for the first set of 25 samples exceeding three standard deviations of the current mean baseline value.
The three-standard deviation threshold was selected because statistical probability for a Type I error was minimized (eg, calling a muscle on when it was not). Given the high resolution of computer assessments, the probability of a Type II error (eg, an actual delay in calling a muscle on) was not a major concern. Erratic EMG activity during the 50-msec baseline period increased the absolute value of the threshold for that particular trial. In this way, EMG assessment was normalized automatically to baseline activity.
All recordings were truncated after one second (1,000 samples). If no onset was detected, a zero was entered automatically for that trial. The resolution of CAS for detecting burst onset was ±1 msec and was a direct function of the analogto-digital conversion frequency.
Examiners
Three physical therapists from the University of Wisconsin Hospital and Clinics in Madison, Wis, served as examiners. The selection of examiners was fixed (nonrandom) and, therefore, generalizations of findings are most appropriate to examiners trained at our facility. All examiners were trained to identify baseline activity visually by placing a straightedge horizontally across each EMG recording in a position that would coincide best with baseline activity. The examiners then individually selected the point they believed identified the beginning of EMG activity (ie, a significant departure from baseline). All examiners had some previous experience with subjective analysis of EMG recordings. Onset determia To be brief, initialization of values or print subroutines were not shown. nations were made on two occasions, during an initial test session and during a follow-up session one week later. Each examiner independently marked each of the 154 trials with a vertical bar corresponding to the onset of EMG activity. The same sample of trials was analyzed independently by each examiner one week later. The distance on the time axis between the beginning of platform displacement and the examiner's mark was converted to milliseconds using a metric ruler and a known conversion factor (1 mm = 9 msec). After each examiner marked each record, only one examiner reduced the data using the metric ruler. This procedure ensured consistency in measurement of the time axis. Using the metric ruler introduced a potential measurement error of ±9 msec.
Data Analysis
The reliability of any test may be calculated by determining 1) the extent of agreement, 2) the nature of shared variance (correlation), and 3) the "generalizability" of test scores.
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Agreement. Perfect agreement (100%) was achieved if the three examiners and the computer, or four raters, identified EMG activity onset at the same point for each trial (betweenrater reliability) and if each of the four raters indicated the same onset both times the test was administered (within-rater reliability). The percentage of agreement was obtained by adding the number of agreements, dividing that number by the sum of the total observations, and multiplying it by 100.
Pearson product-moment correlations. Pearson productmoment correlations provide an index of consistency for each of the four raters completing both tests (within-rater reliability). Correlation coefficients close to zero show maximum inconsistency, whereas a value of 1.00 shows perfect consistency. Note that correlations between variables that do not vary have a correlation coefficient of zero even with good agreement between the two tests.
Generalizability. Trial data were divided randomly into eight groups with about 20 trials in each group. A two-way analysis of variance (ANOVA) with four levels of rater and eight groups of trials was used to determine whether any significant differences existed between raters or within raters. The two-way ANOVA was repeated four times, with and without the computerized muscle burst onset latencies for the initial and follow-up testing sessions. To quantify the reliability of visual (or computerized) measurement among the examiners, an intraclass correlation coefficient (ICC) was calculated from the mean squares of the factor (trial) and error components of the ANOVA. 20 Many forms of ICCs exist. The type most appropriate for this study was ICC(3,1) because the same set of examiners independently rated the same sample and were the only examiners of interest.
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Statistical computation. Intratester and intertester scores were compared using biomedical data processing (BMDP) programs to accomplish the ANOVA. A Bonferroni post hoc test was used on all possible pair-wise comparisons when significant F ratios were found. The BMDP programs also were used to produce a Pearson correlation matrix and descriptive statistics.
RESULTS Agreement
Summary statistics for the four raters are listed in Table 2 . The computerized assessment of EMG activity onsets was superior to the subjective assessments of the examiners (Tab. 3). Within-rater agreement averaged 51% for the three ex- aminers compared with 100% agreement found with the CAS. The extent that each examiner scored a trial identically to the CAS ranged from 30% to 36% across both tests. Betweenrater reliability, at 23%, was the lowest score for total agreement. To account for human measurement error, the number of onset measurements made within ±9 msec of the computer assessment was calculated (Fig. 1) . The distribution of frequencies on either side of the mode was low and platykurtic. That is, if measuremrents were not identical to the computer assessment, they were spread evenly throughout the error interval (| 1-9 msec|).
Pearson Product-Moment Correlations
Pearson product-moment correlations were high and showed significant within-rater reliability (Tab. 4). Correlation coefficients for the examiners ranged from .78 to .82. The CAS produced an assessment for each test that correlated perfectly.
Analysis of Variance
Because each of the four raters scored the same set of data on two different occasions, the ratings for the initial and follow-up test sessions were analyzed separately. The results a Percentage of total agreement between all four raters.
Volume 67 / Number 1, January 1987 of the two-way ANOVAs that included the computerized muscle burst onset latencies are found in Tables 5 and 6 . To examine the variability between trained examiners only, the ANOVAs were repeated for initial and follow-up sessions without the computerized onset assessments (Tabs. 7, 8) . Despite significant F ratios, the Bonferroni post hoc test revealed no significant within-or between-rater contrast. Trends progressing toward significance were found only with comparisons between an examiner and the computer assessment (Tab. 9).
Intraclass Correlation Coefficient
For the initial and follow-up tests, the ICCs were .46 and .49, respectively, when computerized onset assessments were analyzed with the examiners' assessments. Increases in the ICCs for the initial and follow-up sessions resulted when the computerized onset determinations were deleted from the analysis (initial ICC, .59; follow-up ICC, .60). All ICCs, however, were statistically significant (p < .01).
DISCUSSION
The CAS clearly is more reliable than visual inspection of the data for determining the onset of muscle burst. Betweenrater agreement for all four raters was only 23% (Tab. 3). The CAS, however, showed both perfect within-rater agreement and perfect test-retest correlation. Although the test-retest reliability of the examiners was similar to the computer assessment, within-rater agreement was poor compared with the CAS.
Generalizability of the onset assessment for examiners was limited in this study because the selection of examiners was nonrandom. The ICC, when the selection of examiners is nonrandom, becomes an index of consistency between examiners. 20 The higher the ICC, the greater the consistency of the assessment. The ICC without the computerized EMG assessment was higher compared with the ICCs that included the computerized muscle burst latencies. That is, trained examiners were more consistent among each other than when their assessments were compared with that of the CAS. This finding was supported by the data presented in Table 9 . Only contrasts between the examiners and the CAS tended to be different.
Generalizations based on the EMG assessments also are limited by the implication that, when using subjective criteria to assess the onset of muscle activity, examiners are not interchangeable with examiners from other facilities. The advantage of using a CAS is that it minimizes the need for subjective EMG assessment because the criteria for computerized determinations of muscle burst onset are quantitative rather than qualitative. Also, a CAS can be created in any laboratory or clinic and will facilitate maximum reproducibility of results, particularly when large volumes of data or multichannel recordings are required. Trial (T)   T6  T6  T6  T6  T7  T7  T7  T7  T7  T6  T6  T6  T7  T7 vs Rater (R)-Trial (T)   R3-T4  R3-T5  R4-T4  R4-T5  R3-T4  R3-T5  R4-T4  R4-T5  R2-T5  R2-T6  R3-T3  R3-T4  R3-T4  R3- The CAS was designed to detect rapid changes in EMG activity. Muscle burst onsets with steep slopes developing within 25 msec are optimal for computerized latency determination. The resolution of the system is dependent on the analog-to-digital conversion frequency but generally is more reliable than visual assessment. Other applications involving motor behavior of a slower velocity would require alterations in software. Regardless of the velocity of movement, the extent of fluctuations in EMG activity during the baseline period will determine the absolute value of each threshold. This mechanism normalizes each onset measurement to baseline activity levels. Greater baseline activity translates into higher threshold values.
The focus of reliability is on the repeatability of the measurements. As already established, the CAS consistently will supply the same EMG onset determination given a selected trial on different occasions. Whether this measurement is valid is a separate issue. The "gold standard" for validity in this study would be a consensus among the examiners that an EMG recording revealed muscle activity of a meaningful physiological nature. Figure 2 shows the comparison of the CAS results based on a "clean" digitized EMG recording and one "ambiguous" recording. The CAS-determined onset latency for the clean record ( Fig. 2A) was 153 msec, and this measurement was nearly identical to an average of the scores from the three examiners (152 ± 6 msec). The CAS identified 387 msec as the onset latency of the ambiguous recording (Fig. 2B) . In contrast, the three examiners independently rated the trial as zero onset. The measurement by CAS in Figure  2B , therefore, may be highly reliable, but the validity of the assessment is questionable when referenced to the gold standard.
Validity of EMG tracings also differs from reliability when considering resolution of measurement. The reliability of a muscle burst onset determination requires selection of one point on the real time axis of the recording. In contrast, a validity determination requires a broad judgment that the entire recording does or does not represent meaningful physiological activity. Excessive movement artifact and 60-cycle interference are just two factors that may affect the validity of an EMG recording. Recordings, therefore, must be screened visually to establish validity, but not reliability.
Clinical Implications
Muscle burst onset determinations are important to physical therapists because the sequence and timing of muscle contractions often provide one index of coordination. For example, a normal distal-to-proximal muscle activation pattern has been described previously as an underlying mechanism for the control of balance. 21 In pathological cases involving chronic, nonprogressive brain injury, both the latency and timing of synergists were found to be altered. 8 therapeutic strategies for correcting postural dysfunctions are pending further investigation in this area.
When synergistic muscles perform goal-directed motor tasks involving the extremities, the order of recruitment of primary and secondary movers can influence the quality of action. 22 In one study concerning the recruitment order of "overflow" muscles, no consistency in activation pattern was observed 10 and no quantitative method of analyzing muscle burst onset was reported. 10 Therapeutic outcomes must be measured reliably to limit extraneous sources of outcome variability.
Many factors may influence the reproducibility of EMG recordings during data collection and processing. A comprehensive review of these factors has been provided elsewhere. 7 These factors include the type of electrode used, electrode placement and velocity, magnitude of muscle contraction, nature of signal processing, and frequency response of the recording equipment. If these factors are controlled, standardized, or optimized, the analysis of multichannel EMG recordings to determine the temporal sequence of muscle contraction will be facilitated by a CAS.
CONCLUSIONS
A CAS is a valuable tool for determining the temporal sequence of muscle contraction, particularly when many trials are collected for analysis. When the CAS was used for detecting EMG muscle burst onset, it demonstrated perfect reliability and was superior to visual inspection of the data. The CAS has a high degree of resolution (± 1 msec) and can detect rapid changes in baseline EMG activity. The validity of EMG measurements, however, did require visual data inspection. When highly ambiguous EMG recordings were produced, the quality of onset determination was poor and face validity decreased. Visual inspection for validity, therefore, should accompany the highly reliable onset determinations made possible by a CAS.
